Acute gastro-intestinal illness (AGI) is a major cause of mortality and morbidity worldwide and an important public health problem. Despite the fact that AGI is currently responsible for a huge burden of disease throughout the world, important knowledge gaps exist in terms of its epidemiology.
INTRODUCTION
'Whoever wishes to investigate medicine properly, should proceed thus: in the first place to consider the seasons of the year, and what effects each of them produces, for they are not all alike, but differ much from themselves in regard to their changes.'
Hippocrates (Lloyd et al. ) Acute gastro-intestinal illness (AGI) is a major cause of mortality and morbidity worldwide (Prüss et al. ) . Estimates suggest that AGI infections cause four million cases of diarrhea worldwide each year (WHO ). In developing nations, diarrhea is the third leading cause of death (WHO ). Although mortality due to AGI in developed nations is relatively low, the morbidity, associated socio-economic costs, and burden to the health care system remain high (2) Does the seasonal pattern of AGI in BC differ according to hydroclimatic regime and drinking water source? and (3) Has the incidence of AGI in BC changed over time? Several different methods are applied in order to provide a complete picture and robust understanding of seasonality in AGI incidence. To the best of our knowledge, this is the first study to describe and compare seasonal patterns of AGI by hydroclimatic regime and drinking water source.
METHODS Design
We conducted a retrospective, population-based study to assess the seasonality of reported and laboratory confirmed AGI cases from January 1, 1999 to January 1, 2010 in targeted communities in the province of BC. This study was approved by the Simon Fraser University (SFU) Research Ethics Board for the use of secondary data.
Setting
BC, Canada was selected as the setting for this work for several reasons. First, the province offers a rich diversity of hydroclimatology and drinking water sources, thus acting as a unique case study to examine the seasonal patterns of gastrointestinal illness across these factors (Allen et al. ) .
Second, a province-wide surveillance system, the Integrated Public Health Information System (iPHIS), operational since the late 1990s, offered access to laboratory-confirmed illness data of high quality and adequate time span for the analysis for seasonal disease dynamics. Third, despite the fact that AGI rates are higher in this province than the rest of the country, a knowledge gap exists with regards to seasonality of infectious AGI in this setting (Davies & Mazumder ) . Eight study communities were selected from across the province of BC for this analysis. These eight communities were selected to represent different combinations of hydroclimatic regimes and drinking water sources relevant across the province, as illustrated in Figure 1 .
Case data
Physicians in BC are mandated to report cases of notifiable waterborne illness to regional public health authorities, who in turn report cases to the BC Centre for Disease Control through iPHIS. Five potentially waterborne AGI pathogens are included in this study: Campylobacter, Salmonella, verotoxigenic Escherichia coli, Giardia, and Cryptosporidium.
The first three are bacterial pathogens while the latter two are protozoan. Reported cases along with information on age at onset of illness, sex, disease type, serotype, episode date, report date, address, and a unique identifier were extracted from the iPHIS system for the selected study communities.
A total of 89 cases (3.9% of all reported cases) were excluded. Cases were excluded if they were identified as travel cases (identified by disease subtypes known to be only travel related), or were identified as clearly outside of the study community after geocoding the cases (for example, on a nearby island or more than 75 km from the center of the study community). We expect that travel cases remain in our dataset as the travel variable was poorly populated.
Linking cases to a drinking water source
Cases were geocoded by street address and postal code of residence using a geographic information system (GIS) in ArcMap10.0 (ESRI, Redlands, CA, USA). A spatial join function was then performed to assign each case to a specific drinking water system based on land parcel information, ultimately linking each case to a drinking water source. More specifically, we gathered spatial data indicating water service areas for the various drinking water systems within each study community, and province-wide layers indicating the location of groundwater wells and surface water extraction points. Information about small community systems was gathered from community water managers and manually added to the GIS. Using these spatial datasets, we assumed that all cases linked to a residential land parcel located within a drinking water system service area were serviced by that system, and thus we assigned the case the associated water source unless there was an active surface water extraction license, groundwater well, or small community system linked to the land parcel.
This method of linking case data to a drinking water system and source is adapted from the work of Jones et al.
().

Generating time-series
We generated monthly times-series with rates expressed as the number of cases per month per 100,000 population for the entire dataset and for cases disaggregated by hydroclimatic regime and drinking water source.
The variable 'episode date' (defined as the date of symptom onset) was used to derive the day, month, and year of illness occurrence, and then to generate monthly timeseries representing the number of cases per month over the 132-month study period. Monthly rates were then generated using total population at risk derived from census data as the denominator. Population at risk within each community was estimated spatially using aggregates of dissemination area population totals -the smallest administrative unit with census derived data. Population at risk was calculated at two points during the 11-year study period, 2001 and 2006, and an average population at risk over the study period was generated.
We also estimated population at risk totals for the different hydroclimatic regimes and water sources of interest. To generate population totals for each hydroclimatic regime, we pooled the population counts for those communities located in snowmelt-dominated regimes and for those communities located in rainfall-dominated regimes.
This pooling approach could not be used to generate population at risk estimates for each drinking water source, because communities D and H (Figure 1 ) are characterized by some entirely groundwater systems, some entirely surface water systems, and others that are a mix of both groundwater and surface water. In these cases, information from local community officials and water managers regarding service populations for all community water systems was used to estimate the proportion of the total population serviced with each type of water source. This proportion was then applied to the total population of communities D and H to estimate the population in these two communities supplied with groundwater, surface water, and mixed water. The calculations were then used to generate total estimated population at risk for each drinking water source.
Analysis
We used time-series plots, monthly plots, negative binomial models, and spectral analysis as visual and statistical tools to characterize the seasonal and secular trends in the AGI time-series. Analysis involved the use of several graphical and statistical techniques to triangulate findings and provide a more robust understanding of disease dynamics. We applied each of these methods to the full dataset and to the dataset disaggregated by cases occurring in each hydroclimatic regime and linked to each drinking water source.
By examining seasonal variation in the times-series disaggregated by these selected factors, seasonal patterns under different conditions were evaluated.
(1) Time-series plots: To reflect trends in AGI data, we plotted the 11-year time-series of monthly AGI incidence.
The time-series was smoothed using the three-month moving average, a basic smoothing technique, to enhance interpretation of trends (Zeger et al. ) . By superimposing the time-series disaggregated by hydroclimatic regime and drinking water source, similarities and differences across these factors could be explored.
(2) Monthly plots: Total monthly incidence over the 11-year study period was calculated and plotted. Again, we superimposed the total monthly incidence over the 11-year study period disaggregated by hydroclimatic regime and drinking water source. Also, negative binomial regression models using PROC GLM were used to test statistical significance of monthly variation. A negative binomial was used rather than a Poisson model due to over-dispersion in the data as indicated by deviance factors greater than 1 (Osgood ). The month with the lowest number of cases was used as the reference month as per convention (Naumova et al. ) .
(3) Spectral analysis: Spectral analysis is useful for detecting periodicities (dominant cyclical patterns) in time-series and to test data for seasonality (Cryer & Chan ) . We constructed a periodogram to identify influential periodicities present in the AGI data. We also tested the statistical significance of seasonal patterns using two formal tests: the Fisher-Kappa (FK) test and the Bartlett Kolmogorov-Smirnov (BKS) test. The FK tests the hypothesis that the series is white noise against the alternative hypothesis that the series contains a periodic component of unspecified frequency. The BKS tests the null hypothesis that the series is white noise, or that there is no periodicity.
(4) Annual plots: Finally, we examined secular trends in the data using simple plots of illness rates across the 11-years in the study period. Additionally, a negative binomial regression model was used to test the statistical significance of variation across years relative to 1999.
Statistical analyses were carried out using SAS software, version 9 (SAS Institute, Inc., Cary, North Carolina) and graphs were created using Microsoft Excel.
RESULTS
During the study period from January 1, 1999 to January 1, 2010 2,308 cases of AGI were reported to iPHIS after excluding known travel cases and cases outside the study communities. Of the total 2,308 cases, 1,805 cases (78%) were caused by bacterial pathogens and 458 cases (22%) were caused by protozoan pathogens (Table 1) . The incidence of AGI across age categories is bimodal with one peak among children less than 5 and another between the ages of 20-30. A similar pattern is seen for males and females (Figure 2 ).
Time-series plots
Visual examination of the time-series plots for all cases illustrates a clear pattern in the data characterized by annual cyclical peaks and troughs (Figure 3(a) ). The timing and amplitude of the peak rates clearly vary from year to year.
In some years, the time-series illustrates a bimodal peak, a large peak in the summer followed by a second smaller Figure 2 | AGI rates per 100,000 by sex and age, 1999-2010. peak in the fall, while in other years there is a single summertime peak. There is a range of peaks across the years;
however, more than half of the years in the study period illustrate a peak incidence in July and all years show peak incidence in the summer or fall months.
Cyclical patterns remain, although the amplitude and timing of peaks and troughs differ when the cases are disaggregated by a hydroclimatic regime (Figure 3(b) ) and drinking water source (Figure 3(c) ). However, it is difficult to identify any consistent patterns in the time-series plots across these factors. For example, in some years the seasonal cycles in Figure 3 (b) show an earlier peak among those cases occurring in snow-dominated regimes compared to those cases occurring in the rainfall-dominated regimes, while in other years the opposite is the case. Aside from the consistently higher peaks among those cases linked to a mixed water source, there are no clear or consistent trends looking at the time-series disaggregated by drinking water source. Figure 4 shows the monthly plots of AGI incidence. The monthly incidence for all cases (Figure 4(a) ) illustrates a seasonal pattern with the trough occurring in April and a peak occurring from July to September (summertime). Statistically significant peak incidences were found in July Among those cases occurring in rainfall-dominated regimes, the trough incidence occurs in April and the peak incidence occurs in September (IRR ¼ 2.37, 95% CI: 1.78-3.17) ( Table 2 ). In contrast, the trough among those cases in the snowmelt-dominated regime occurs in March and the peak incidence occurs in July (IRR ¼ 2.36, 95% CI:
Monthly plots
1.75-3.20) (Table 2 ) with a steady decline through the fall and winter (Figure 4(b) ).
Monthly plots by drinking water source show that the timing of the peak occurs during different months of the summer and early fall across different drinking water sources (Figure 4(c) ). Among those cases linked to a surface water source, the seasonal peak occurs in July-September (IRR-July CI: 1.38-2.9) ( Table 2 ). For those cases linked to a mixed water source the peak incidence occurs in September (IRR ¼ 2.41, 95% CI: 1.59-3.63), with another smaller peak in July (IRR ¼ 2.09 95% CI: 1.37-3.17) ( Table 2 ).
The magnitude of the peak of incidence is greatest among cases occurring in a rainfall-dominated hydroclimatic regime and linked to mixed water sources.
Spectral analysis
The periodogram for all cases shows an annual (12-month) periodicity in the time-series as indicated by the large spectral density at 12 months in the periodogram ( Figure 5 ).
The same annual periodicity is seen in the time-series data when disaggregated by hydroclimatic regime and drinking water source (results not shown). The Fisher's κ and Bartlett-Kolmogorov-Smirnov tests confirm a statistical significant seasonal pattern (p < 0.01) for all AGI overall (Table 3 ). This statistical significance remains when the cases are disaggregated by hydroclimatic regime and drinking water source (Table 3) .
Annual plots
A non-linear trend is evident over the 11-year study period.
Looking at the full dataset, there is a slight increase in risk Table 2 ).
DISCUSSION
This study examined the seasonality of AGI in BC over an 11-year period using laboratory-confirmed case data from eight communities across the province. To our knowledge, this is the most comprehensive examination of AGI seasonality in BC and the first study anywhere to describe trends in AGI by hydroclimatic regime and drinking water source. Additionally, the majority of research examining the seasonality of AGI, and also research examining those factors that may drive these trends, originates from the USA, England, and Australia.
There has been little research on the subject in BC. Tar 
; Kistemann et al. ).
The snowmelt-dominated hydroclimatic regime in BC is characterized by major runoff and groundwater recharge in the spring and early summer caused by warming temperatures that lead to rapid snowmelt; this is known as the spring freshet. At this time, the rivers run high and groundwater levels reach their maximum. Flooding is also a common occurrence. Runoff and groundwater recharge in the rainfall-dominated regimes is driven by precipitation, with streamflow and groundwater levels peaking through the late fall and early winter (Allen et al. ) . Although the summertime peak in incidence is likely in part explained by higher temperatures which influence both human behavior and pathogen survival and replication, it is also plausible that the spring freshet in the snow-dominated watersheds causes runoff events and significant source water contamination contributing to the early summertime peak among those cases occurring in snowmelt-dominated watersheds.
Rapid snowmelt may also overwhelm drinking water treatment systems (Naumova ). 'A rapid snowmelt, resultant runoff, and filtration system failure at the over- With regards to the practical implications arising from these results, we suggest two specific practice and policy oriented recommendations. First, water managers, environmental health officers, and researchers should work together to identify locally-relevant conditions and times of the year when the risk of AGI illness may be heightened.
In communities located in snow-dominated watersheds, early summer and the spring freshet are likely to be highrisk times. For those communities located in rain-dominated watersheds, late summer and early fall precipitation events are likely candidates. Second, microbiological and/or turbidity monitoring programs could be adapted to account for high-risk conditions and times, taking into account local conditions and water system characteristics.
Increasing water supply and source testing during the spring freshet is an example. This testing could be used to inform early warning systems for the community and could also serve as data for future research.
There are both strengths and weaknesses in this study. Mak for his editing of the paper.
